Thomson scattering is used to study temporal evolution of electron density and electron temperature in nanosecond pulse discharges in helium sustained in two different configurations, (i) diffuse filament discharge between two spherical electrodes, and (ii) surface discharge over plane quartz surface. In the diffuse filament discharge, the experimental results are compared with the predictions of a 2D plasma fluid model. Electron densities are put on an absolute scale using pure rotational Raman spectra in nitrogen, taken without the plasma, for calibration. In the diffuse filament discharge, electron density and electron temperature increase rapidly after breakdown, peaking at n e ≈ 3.5 · 10 15 cm −3 and T e ≈ 4.0 eV. After the primary discharge pulse, both electron density and electron temperature decrease (to n e ~ 10 14 cm −3 over ~1 µs and to T e ~ 0.5 eV over ~200 ns), with a brief transient rise produced by the secondary discharge pulse. At the present conditions, the dominant recombination mechanism is dissociative recombination of electrons with molecular ions, He 2 + . In the afterglow, the electron temperature does not relax to gas temperature, due to superelastic collisions. Electron energy distribution functions (EEDFs) inferred from the Thomson scattering spectra are nearly Maxwellian, which is expected at high ionization fractions, when the shape of EEDF is controlled primarily by electron-electron collisions. The kinetic model predictions agree well with the temporal trends detected in the experiment, although peak electron temperature and electron density are overpredicted. Heavy species temperature predicted during the discharge and the early afterglow remains low and does not exceed T = 400 K, due to relatively slow quenching of metastable He * atoms in twobody and three-body processes. In the surface discharge, peak electron density and electron temperature are n e ≈ 3 · 10 14 cm 3 and T e ≈ 4.25 eV, attained after the surface ionization wave reaches the grounded electrode. The sensitivity of the present diagnostics is too low to measure electron density in the plasma during surface ionization wave propagation (estimated to be below n e ≈ 10 13 cm
Introduction
Quantitative insight into electron kinetics in transient nonequilibrium plasmas generated by high-voltage, nanosecond duration pulsed discharges is of considerable fundamental interest. These discharges are used in several emerging applications, including electric discharge pumped lasers [1] , plasma medicine [2] , plasma assisted combustion [3] , and plasma flow control [4] [5] [6] . In spite of an increasingly wide use of these discharges, time-resolved experimental data on electron density and electron temperature during the discharge pulse and the afterglow are very scarce. These data are critical for understanding kinetics of ionization, recombination, ion-molecule reactions, charge accumulation on dielectric surfaces, ionization wave propagation, generation of metastable species and radicals, and for validation of kinetic models.
The focus of the present work is on time-resolved measurements of electron density and electron temperature in volumetric and near-surface nanosecond pulse discharges in helium, using Thomson scattering. Helium is chosen for this study due to its high diffusion coefficient, delaying the onset of ionization heating instability and making the discharge more stable at high pressures, as well as for its high Townsend ionization coefficient and low dissociative recombination coefficient, resulting in high peak electron densities during the discharge pulse. A volumetric 'diffuse filament' discharge sustained between two spherical electrodes, used in the present work, is highly reproducible shot-to-shot, provides ample optical access, and allows time-resolved measurements of electron density and electron temperature at high pressures and high specific energy loadings. Similarly, a surface ionization wave discharge sustained over a dielectric surface generates a diffuse and reproducible surface plasma sheet, instead of random streamers. Both configurations lend themselves to laser diagnostics measurements which require signal accumulation over multiple discharge pulses and laser shots. Closely related recent work using this approach includes electron density and electron temperature measurements in mixtures of helium with molecular gases such as hydrogen and oxygen [7, 8] , as well as measurements in ns pulse discharges sustained over a liquid water surface [9] .
The present experiments are conducted using a custombuilt triple grating spectrometer patterned after Crintea et al [10] , designed to isolate Thomson signal from Rayleigh scattering. Previously, electron density and electron temperature measurements using this approach have been done in a variety of high-pressure nonequilibrium plasmas [11] [12] [13] . The main objective of this work is to improve fundamental understanding of electron density and electron temperature evo lution in high-pressure ns pulse discharge helium plasmas, and provide experimental data for kinetic modeling of volumetric and surface ionization wave discharges.
Experimental
The experiments have been conducted in nanosecond pulse discharges in helium, sustained in two different configurations, (i) diffuse filament discharge generated between two spherical electrodes 7.5 mm in diameter made of copper, separated by a 10 mm gap (see figure 1), and (ii) near-surface discharge produced between two adhesive copper foil electrodes 7 mm wide (~0.1 mm thick) attached to the inside surface of the bottom wall of a rectangular cross section quartz channel, 17 mm apart (see figure 2) . A strip of 7 mm wide copper foil is attached to the outside surface of the bottom wall of the channel and connected to the grounded electrode on the right, as shown in figure 2 , to serve as a surface ionization wave discharge waveguide. In both cases, the electrode assembly is placed into a six-arm cross glass cell, with two additional arms 2 inches in diameter and 75 cm long each providing access to the laser beam. Helium flows through the test cell in the axial direction at a pressure of P = 100-200 torr and the flow rate of 1.75 slm, which corresponds to the estimated axial flow velocity of 5-10 cm s high voltage electrode (top electrode in figure 1 and left electrode in figure 2 ) is powered by a custom-built, magnetic pulse compression, externally triggered high-voltage pulse generator, which at the present conditions produces a positive polarity, double-pulse voltage waveform, with peak voltage of up to ~10 kV, peak current of up to ~80 A, pulse duration of ~150 ns, and time delay between the primary and the secondary pulses of ~500 ns. In the present study, the pulse generator was operated at 90 Hz (for the diffuse filament discharge) and 120 Hz (for the surface discharge). This generated stable and diffuse plasmas with dimensions sufficiently small to enable high specific energy loading but sufficiently large to enable spatially resolved measurements (a diffuse filament ~2-3 mm diameter or a near-surface plasma 'sheet' ~1 mm thick and ~1 cm wide). Discharge voltage and current waveforms are measured by a Tektronix P6015 high voltage probe and a Pearson 2877 current monitor. All Thomson scattering measurements in the diffuse filament discharge are taken on the centerline, midway between the electrodes, as indicated in figure 1. In the surface discharge, the measurements are taken approximately 1 mm from the quartz channel surface, just below the apparent boundary of the plasma, as shown schematically in figure 2 . In both cases, the laser beam is focused in the center of the plasma. Figure 3 shows a schematic of the Thomson scattering experimental setup. A frequency doubled (532 nm) Nd:YAG laser, with a maximum pulse energy of ~800 mJ at 30 Hz repetition rate, serves as the pump source. In the present work, pulse energy of ~500 mJ/pulse was used. The 10 ns full width at half-maximum (FWHM), Gaussian laser beam is focused into the test cell by a plano convex fused silica lens with the focal distance of f = 950 mm. The laser beam enters and exits the cell axially, through fused silica windows attached to the end of the arms and set at Brewster's angle to reduce stray light. An achromatic doublet collection lens (D = 31.5 mm, f = 200 mm) is placed at a 90° angle from the laser beam direction to collect the scattered light. The collimated scattering signal is sent through a series of three silver protected mirrors, which rotate the initially vertically polarized, horizontal image to a horizontally polarized, vertical image (i.e. forming a 90° image rotator). Horizontal polarization maximizes the efficiency of the gratings used in the spectrometer, which is discussed below. After the image is rotated, the collected light is directed through another achromatic doublet lens (D = 31.5 mm, f = 200 mm) and focused onto the vertical entrance slit (~40 µm wide) of a custom-built triple grating spectrometer.
The main purpose of the spectrometer is to filter out Rayleigh scattering, which at the present conditions is approximately 4-5 orders of magnitude higher than Thomson scattering, using the fact that the Thomson scattering spectral width is significantly greater than that of the Rayleigh scattering. After entering the spectrometer, the collected light travels over distance twice the focal length of the previous lens, 400 mm, such that the size of the image doubles. The light is then collimated with a larger achromatic doublet lens with the same f-number as the previous smaller lenses (D = 63 mm, f = 400 mm). These larger achromatic lenses are used throughout the rest of the triple grating spectrometer. The light then diffracts off the first grating (1800 gr mm −1 , 400 nm blaze) with an angle of incidence of α = 14.7° and a diffraction angle of β = 44.7°, producing a spectrum at 30° from the incident direction. The spectrum is focused with another achromatic doublet lens (D = 63 mm, f = 400 mm). A stainless steel mask, shown schematically on the top of figure 2, is used to filter out Rayleigh scattering. A 1 mm strip in the center of the properly aligned mask blocks the Rayleigh scattering, while allowing the wings of the Thomson scattering signal (except for the central portion) to pass. After passing through the mask, the remaining Thomson scattering spectrum is re-collimated by another achromatic doublet lens and diffracts off the second grating, which is set up in subtractive mode, recompressing the spectrum back into an image. This image is then focused onto the second slit, by another achromatic lens. The second slit isolates the remainder of the spectrometer and acts as a filter for the remaining stray light. From this point, the remainder of the apparatus operates as a conventional single-grating spectrometer, re-dispersing the image into a spectrum using the third grating, and focusing it onto a PI-MAX-3 ICCD camera chip.
Kinetic model
A 2D kinetic model of a nanosecond pulse filament discharge in helium is used to study kinetic of ionization and recombination in the discharge and the afterglow. The computational domain used is a cylinder 9 mm in diameter, with two plane electrodes at the top and bottom, separated by a 10 mm gap. The bottom electrode is grounded, and a high-voltage pulse is applied to the top electrode. The discharge filament is located in the center of the domain, along the axis of symmetry. In the experiments, the diameter of the discharge filament, determined from ICCD images of broadband UV/visible emission of the plasma, is approximately 2.5 mm (see section 4), significantly smaller than the diameter of the electrodes, such that the effect of electrode curvature on the discharge parameters was neglected. The simulations are carried out in helium at a pressure of P = 200 Torr and initial temperature of T = 300 K.
The , which controls the rate of electron decay by dissociative recombination, compared to much slower three-body recombination involving the atomic ion, He + . Both electron-electron collisions and superelastic collisions of electrons with metastable atoms, He * , which result in significant heating of electrons after the applied voltage is turned off, are also incorporated.
The governing equations are similar to the equations used previously for 2D modeling of a dielectric barrier discharge [14] ,
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Equations (1) and (2) are time-dependent conservation equations for number densities of charged species, n α (in particular, n e is electron number density) and neutral species, n β , respectively. The . In equations (3) and (4), ϕ, e and T e are the electric potential, elementary charge, and electron temper ature, respectively; k e , k i , Δε i are electron thermal conductivity, inelastic collision rate coefficients, and energy losses in inelastic collision processes, respectively.
Equations (5)- (8) are Navier-Stokes equations (conservation equations for mass, momentum and energy). Here
, u and v are the flow velocity components, and p is pressure.
is the thermal conductivity term, Q J = j · E is Joule heating term, ε is specific energy of the mixture, h i are specific enthalpies of the species, µ = µ(T) is gas viscosity. The viscosity terms W r , W z , W ε are given as follows, 
The system of equations listed above is solved self-consistently, using the same time step for all equations. The boundary conditions for species number densities at the electrode surfaces are as follows: charged species concentrations are zero (n α = 0) and neutral particle fluxes (J β = 0) are zero.
The secondary electron emission coefficient used is γ = 0.1, such that the electron and ion fluxes on the cathode surface are related as follows, J J e cathode ions cathode
. Boundary conditions for the energy equation (8) at the electrode surface assume constant temperature, T w = 300 K.
Terms S α,β and L α,β n α,β in equations (1) and (2) represent rates of production and loss of ions and excited species (α and β, respectively) by electron impact processes, ion-molecule reactions, and chemical reactions. Rate coefficients of electron impact processes were determined using cross sections taken from [15] , where their use is discussed in great detail. The effecfive cross section of electron impact excitation of the lowest metastable state of helium atom, He * , includes electron impact excitation of helium to higher excited states and subsequent cascade decay processes to the metastable level 3 S. Rate coefficients of ion-molecule reactions and chemical reactions among neutral species were taken from [16] . Figure 4 plots discharge pulse voltage, current, and coupled energy waveforms in a diffuse filament discharge in helium at P = 200 torr. At these conditions, peak voltage is ~9 kV, and peak current is ~50 A. As can be seen, the pulse generator also produces a weaker secondary pulse ~500 ns after the primary pulse. In figure 4 , t = 0 corresponds to the onset of the primary current pulse. Energy coupled to the plasma by the primary and the secondary pulses is approximately 15 mJ and 2 mJ, respectively, with the total coupled energy of approximately 17 mJ/pulse. Figure 4 also plots the current waveform predicted by the kinetic model at these conditions, using the experimental voltage waveform as an input. It can be seen that the model reproduces peak current value quite well, overpredicting it by about 15%. However, the model overpredicts the rates of current rise and decay, underpredicting the current pulse duration by about 40%. Figure 5 plots pulse voltage, current, and coupled energy waveforms in the surface discharge in helium at P = 100 Torr. In this case, peak voltage and current are ~6 kV and ~80 A, respectively, with a similar Experimental pulse voltage, current, and coupled energy waveforms, as well as predicted current waveform, in a pin-to-pin discharge in helium at P = 200 Torr. Experimental pulse voltage, current, and coupled energy waveforms in a surface discharge in helium at P = 100 Torr.
Results and discussion
double-pulse structure. At these conditions, energy coupled by the primary pulse is approximately 80% of the total energy coupled to the plasma, 11 mJ/pulse, with remaining 3 mJ/pulse coupled by the secondary pulse, with total coupled energy of 14 mJ/pulse. Figure 6 shows 100 pulse accumulation, 150 ns camera gate ICCD images of broadband plasma emission from a diffuse filament discharge in helium at P = 200 Torr, at the conditions of figure 4, for both the primary and the secondary pulses.
Both pulses produce diffuse discharge filaments ~2-3 mm in diameter, reproducible shot-to-shot, such that 100 pulse accumulation images are very similar to single-pulse images. Figure 7 shows a collage of ICCD images of broadband plasma emission in a near surface discharge and afterglow in helium during and after the high-voltage pulse. All images in figure 7 are accumulations over 5 discharge pulses, with a 2 ns camera gate, and are taken at the conditions of figure 5. As in figure 5 , t = 0 corresponds to the onset of the primary current Figure 6 . ICCD camera images of a pin-to-pin ns pulse discharge in helium. 100-shot averages. P = 200 Torr, camera gate 150 ns. pulse. From the images, it can be seen that a surface ioniz ation wave is initiated at the high-voltage electrode before the discharge current begins to rise, approximately at t = −186 ns. The ionization wave propagates across the 17 mm gap between the electrodes and reaches the grounded electrode at t = −102 ns, with average wave speed of approximately 0.2 mm ns −1 . From figure 5 , it can be seen that pulse voltage peaks and begins to fall approximately at t = 0, i.e. approximately 100 ns after the wave reaches the grounded electrode. At this moment, the discharge current begins to rise (see figure 5 ), indicating breakdown of the discharge gap and formation of a self-sustained discharge between the electrodes. Nearly all energy is coupled to the plasma after this moment (see figure 5) . The current peaks approximately at t = 74 ns, i.e. 74 ns after the current pulse onset and 260 ns after the wave begins to propagate. Thus, the surface ionization wave propagates across the entire discharge gap while the applied voltage is fairly low (below 2 kV, see figure 5 ). While the wave is propagating, the discharge current also remains very low. Emission from the plasma persists between the primary and the secondary discharge pulses, as well as after the discharge pulse (see figures 5 and 7).
In the diffuse filament discharge, Thomson scattering spectra were taken for different delays after the onset of the discharge current (at t = 0), starting from t = 20 ns until the signal became too low to detect (i.e. when the electron number density became too low), at t = 3 µs. To avoid camera saturation, Thomson scattering spectra were obtained by adding together four spectra taken in succession, each spectrum resulting from accumulation of 2000-9000 laser shots, depending on signal-to-noise. Backgrounds for plasma emission from the discharge and stray laser light scatter were taken separately, by turning the laser or the discharge off, respectively, and subtracted from the raw spectra. The scattering signal was collected from a cylindrical region 3 mm long and ~60 micron in diameter, which approximately corresponds to the overlap of the laser beam with the discharge filament. The collection volume was centered halfway between the top and bottom electrodes. Prior to readout of the spectrum, ICCD camera chip pixels corresponding to the measurement volume were binned together, such that the present data are spatially averaged over this region. The same procedure was used in the surface discharge, for time delays ranging from t = 10 ns to t = 765 ns after the current pulse onset. In this case, signal was accumulated over 14 400-45 000 laser shots and four spectra were taken and added together for each delay time. At shorter time delays, during the ionization wave propagation before a self-sustained near-surface discharge was established across the electrode gap, the signal-to-noise was too low. Figure 8 plots Thomson scattering spectra in pin-to-pin and surface discharges in helium, at the conditions of figures 4 and 5, respectively. The spectrum in the pin-to-pin discharge is taken at t = 80 ns (i.e. 80 ns after the onset of the discharge current, when the current peaks), and the spectrum in the surface discharge is taken at t = 460 ns, i.e. between the primary and secondary discharge pulses. A gap in the spectra at λ = 532 nm is caused by the mask used to filter out Rayleigh scattering, as discussed above. Figure 8 also shows the best Gaussian fits to the experimental spectra. Originally, a Voigt profile, which is a convolution of the Gaussian profile (which assumes Maxwellian electron velocity distribution) and the Thomson scattering spectrum in a ns pulse discharge in helium shown together with the best fit Gaussian profile used for electron temperature and electron density inference: (a) pin-to-pin discharge (80 ns after beginning of current rise), n e = (3.1 ± 0.4) · 10 15 cm −3 and T e = 2.76 ± 0.2 eV; (b) surface discharge (460 ns after beginning of current rise), n e = (2.1 ± 0.3) · 10 14 cm −3 and T e = 0.5 ± 0.05 eV. Pure rotational Raman spectrum taken in N 2 at P = 100 torr, without the plasma, used for absolute calibration of Thomson scattering spectra.
Lorentzian profile (spectrometer instrument function) was used to fit the scattering spectra, using the least squares procedure. However, since the Thomson scattering spectra are much wider compared to the instrument function, the Voigt and the Gaussian profiles are nearly identical, such that the Gaussian fit was used to infer the electron density and the electron temperature, as discussed below. Figure 9 shows a pure rotational Raman scattering spectrum taken in room temperature nitrogen at P = 100 Torr (without the plasma), accumulated over 2250 laser shots, which was used for absolute calibration of the electron density inferred from the Thomson scattering spectra. The electron density, which is proportional to the spectrally integrated intensity of the Thomson scattering spectrum, was calculated as follows [17] , 
where n e is electron number density, A e is the integrated Thomson scattering signal intensity calculated using the Gaussian fit such as shown in figure 8 , A N2 is the integrated N 2 (J = 6 → 8) rotational Raman transition intensity (labeled in figure 9 ),
is the differential Raman cross section at 532 nm,
is the differential Thomson scattering cross section for vertically polarized light (both for 90° scattering angle), n N2 is the nitrogen number density in the cell, and f J=6 is the relative population of the rotational level J = 6 (calculated from Boltzmann rotational distribution in rigid-rotor approximation). The electron temperature, T e , is proportional to the half-width at half-maximum (HWHM) of the Thomson scattering spectrum, Δλ 1/2 , calculated from the Gaussian fit [17] , 
where m e is the electron mass, c is the speed of light in vacuum, k B is the Boltzmann constant, θ = 90° is the scattering angle, and λ 0 is the incident light wavelength. To verify if the use of the Gaussian fit of the Thomson scattering spectra, which assumes Maxwellian electron energy distribution, is appropriate, figure 10 shows normalized 1D electron energy distribution functions (EEDF), F(ε), versus electron energy, obtained from the Thomson scattering spectra plotted in figure 8. For this, the scattered wavelength shift, Δλ = λ − λ 0 , was converted to the kinetic energy of electron motion in the direction k k k 
where e is the elementary charge, and the intensity was plotted on a log scale. From figure 10 , it can be seen that the EEDF is Maxwellian in the entire range of electron energies with high signal-to-noise, up to ε ≈ 8 eV in the pin-to-pin discharge at peak current, and up to ε ≈ 4 eV in the surface discharge between the primary and secondary pulses. Best fit linear slopes correspond to the electron temperature of T e = 2.76 ± 0.2 eV and T e = 0.5 ± 0.05 eV, respectively, also obtained from the Gaussian fits in figure 8 using equation (13) . As expected, electron temperature in the surface discharge plasma between the current pulses is significantly lower. The electron density obtained from the integrated area under the Gaussian fits in figure 8 using equation (12) is n e = (3.1 ± 0.4) · 10 15 cm −3 and n e = (2.1 ± 0.3) · 10 14 cm −3 , respectively. At these high electron densities (estimated ionization fraction n e /N ~ 5 · 10 −4 ), electron kinetics in the plasma is dominated by electronelectron collisions which 'maxwellize' the energy distribution [18] , such that a near-Maxwellian EEDF is expected. Figure 11 plots time-resolved electron number density and electron temperature in a diffuse filament discharge at P = 200 Torr, plotted along with the discharge current. As in figure 4 , t = 0 corresponds to the beginning of the current rise. The combined uncertainty in timing of the Thomson scattering data, ±15 ns, is due to the high voltage pulse generator jitter and the laser pulse duration. The overall uncertainty in electron density and electron temperature includes baseline noise in Thomson scattering spectra, statistical uncertainty, and the systematic uncertainty in N 2 Raman cross section. It can be seen that the electron density rapidly increases over the first ~100 ns, peaking at n e ≈ 3.5 · 10 15 cm −3
. The electron density peak approximately coincides in time with the discharge current peak, after which both the current and the electron density decrease. The electron temperature, initially very high (T e ≈ 4.0 eV), decreases during the discharge pulse, to T e ≈ 0.3 eV at the end of the primary current pulse. The initial rise of the electron temperature at the early stage of the primary current pulse (at t ~ 20-40 ns), when electron density is still fairly low, is difficult to resolve with the present diag nostics. Electron density and electron temperature increase again during the secondary current pulse, peaking at t ≈ 650 ns, although their peak values are significantly lower than the ones achieved during the primary current pulse. After this, both the electron density and the electron temperature decay over the next 3 µs. Note that the electron temperature decay occurs much more rapidly compared to the decay of the electron density (see figure 11) . Specifically, electron temperature decays from T e ~1.2 eV to T e ~ 0.4 eV within about 150 ns. This is expected, since the electrons lose energy in nearly every collision with He atoms, on the time scale much shorter compared to two-body and three-body electron-ion recombination processes, which are the dominant mechanisms of electron density decay at the present conditions. However, electron temperature in the afterglow does not relax to the gas temperature of T ~ 0.03 eV, most likely due to superelastic collisions between electrons and metastable excited helium atoms and excimers, which results in modest electron heating in the afterglow. Figure 12 shows time-resolved electron density and electron temperature in the surface discharge in helium at P = 100 Torr, starting from t = 10 ns (right after beginning of the primary current pulse) to t = 765 ns (end of the secondary current pulse), plotted along with the current waveform. As illustrated in figure 7 , t = −185 ns corresponds to the moment when surface ionization wave is initiated at the high-voltage electrode. It can be seen that initially, the electron density rises from n e ≈ 2 · 10 13 cm 3 to the peak value of n e ≈ 3 · 10 14 cm 3 over approximately 75 ns (an increase of over an order of magnitude). After this, the electron density decreases gradually (by approximately 50%) over the next ~500 ns, until the secondary current pulse begins (see figure 12 ), most likely due to electron-ion recombination. Peak electron temperature is T e ≈ 4.25 eV at t = 0 ns, i.e. at the beginning of the discharge current rise. It is possible that the electron temper ature at shorter delay times (before the surface ionization wave reaches the grounded electrode) may be higher. However, the present diagnostics is not sufficiently sensitive to take data at shorter delay times, during ionization wave propagation, due to relatively low electron density at this stage, estimated to be below n e ≈ 10 13 cm 3 . At t > 0 ns (during the primary current pulse ~150 ns long), the electron temperature drops rapidly to T e ≈ 0.5 eV (see figure 12) . Between the primary and the secondary current pulses, the electron temperature decreases more gradually, due to superelastic collisions becoming significant and providing moderate electron heating in the afterglow. A transient rise of electron temperature occurs, up to T e ≈ 1.25 eV, occurs during the secondary current pulse coupling additional energy to the plasma, after which the electron temperature rapidly decreases again, to T e ≈ 0.5 eV at t = 765 ns.
Figures 13 and 14 compare experimental and predicted time-resolved electron number density and electron temperature in the diffuse filament discharge at P = 200 Torr. The data show an initial, fairly rapid increase in electron number density over the first 100 ns (see also figure 11 ). It can be seen that the model reproduces the trends of rapid electron density increase during the primary current pulse, followed by a near-exponential decay, fairly well. However, the model overpredicts both the rate of electron density rise during the first ~100 ns and the peak electron density, by approximately a factor of two (see figure 13) . The same trend is observed for the electron temperature during the first ~50 ns, overpredicted by the model by over a factor of two (see figure 14) . The main reason for this difference is extreme sensitivity of the model predictions to breakdown voltage, due to a strongly nonlinear dependence of ionization rate coefficient on the electric Time-resolved electron density and electron temperature in the surface discharge in helium at P = 100 Torr, 1.1 mm from the dielectric surface.
field. Underpredicting the breakdown voltage by just ~1-2%, (~100-200 V), i.e. underpredicting the breakdown moment to ~1-2 ns results in significant overprediction of both electron density and rate of ionization, up to a factor of 2. Due to this effect, the predicted current, plotted in figure 4 , peaks earlier compared to the experimental current, at significantly higher applied voltage, which results in much higher electron temper ature and electron density during the first ~50 ns of the discharge current pulse. The other reason for the difference between the data and the model predictions is limited time resolution of the present diagnostics during the beginning of the discharge pulse, ±15 ns (due to both plasma generator jitter and duration of the laser pulse), such that electron temperature and electron density peaks may be not fully resolved. On the other hand, electron density and electron temperature for longer delay times after the beginning of the discharge pulse, t ~ 100 ns-3 µs, including quasi-steady-state value of the electron temperature after the pulse, T e ≈ 0.3 eV (controlled by superelastic collisions) are predicted quite accurately (see figures 13 and 14) . Figures 15 and 16 show contour plots of electron number density and electron temperature predicted by the kinetic model in diffuse filament discharge at P = 200 Torr, at two different points in time. At the early stage of breakdown process, shortly after the high voltage pulse is applied, but before the electric field in the gap is sufficiently high for ionization, initial 'seed' electrons drift toward the anode (i.e. up in figures 15 and 16), leaving an electron-free region near the cathode. Thus, when the electric field in the gap reaches breakdown threshold, ionization initially occurs near the anode, and ionization wave propagates toward the cathode, generating a high electron concentration region behind the wave front. During this stage, the voltage drop across the region with high electron concentration (behind the ionization wave) is relatively low compared to the rest of the discharge gap. As the ionization wave moves closer to the cathode, the voltage drop across the cathode layer increases. Figure 15 plots electron number density distributions at the moment when the ionization wave reaches the cathode, t = 70 ns, (left), and soon after the wave has reached the cathode, at t = 130 ns (right), when secondary electron emission from the cathode becomes significant. It can be seen that the discharge filament has a cylindrical shape before it reaches the cathode, but its head spreads significantly after reaching the cathode, consistent with plasma emission images shown in figure 6 . The filament head spreading over the cathode surface results in much higher secondary electron emission from the cathode, which is necessary to sustain ionization in the rest of the discharge filament. The predicted filament diameter near the cathode is approximately a factor of two larger than the rest of the discharge filament. Electron temper ature distributions at the same two moments of time are shown in figure 16 . It can be seen that electron temperature in the cathode layer, where the electric field peaks, is much higher than in the rest of the filament, T e ~ 3 eV versus T e ~ 0.5 eV, although the electron density in the cathode layer is very low. High electric field in the cathode layer is necessary (i) to accelerate the ions toward the cathode and generate secondary electron emission, and (ii) to accelerate secondary electrons and generate sufficient ionization to sustain the discharge current. Figure 17 plots experimental electron energy distribution functions inferred from the Thomson scattering spectra, at several moments of time during the discharge pulse. The experimental results are compared with the 1D EEDF, F(ε), obtained from the exponential part of the isotropic 3D EEDF, f (ε), predicted by the kinetic model in the center of the discharge filament halfway between the electrodes. The two distribution functions are related as follows [17] , 
where ε = m e v 2 /2e, i.e. the 3D EEDF is proportional to the derivative of the measured 1D EEDF. It can be seen that the predicted EEDFs are near Maxwellian, except for the tail at ε > 10 eV, where high energy threshold inelastic processes, such as electronic excitation and ionization of He by electron Experimental and predicted time-resolved electron temperatures during and after the pin-to-pin discharge pulse in helium, at the conditions of figure 13 .
impact, start playing a role. This is consistent with the experimental data. Turning electron-electron (e-e) collisions on and off in the model demonstrated that, as expected, the nearMaxwellian shape of the EEDF is controlled primarily by e-e collisions. Finally, figure 18 plots predicted time-resolved neutral species temperature in the center of the filament halfway between the electrodes at P = 200 Torr versus time. It can be seen that although the predicted peak electron density at these conditions is very high, exceeding n e = 7 · 10 15 cm
(ionization fraction of n e /N ~ 10 −3 ), temperature in the plasma and early afterglow remains fairly low and does not exceed T = 400 K. This occurs primarily due to relatively slow quenching of metastable He * atoms in two-body and three-body processes [16] , estimated to occur on the time scale of τ quench ≈ 60 µs. Since the characteristic diffusion time at the present conditions, τ diff ~ 100 µs, is comparable with the quenching time and much shorter compared to time delay between the discharge pulses, τ pulse ~ 10 ms, temperature in the late afterglow is estimated to peak at T ≈ 800 K and decay to near room temperature, due to filament cooling by diffusion and convection between the pulses. Thus, highpressure ns pulse discharges in helium generate low-temperature nonequilibrium plasmas even at fairly high specific energy loading, up to ~0.5 eV/molecule/pulse at the present conditions. 
Summary
In the present work, Thomson scattering is used to study temporal evolution of electron density and electron temperature in nanosecond pulse discharges in helium sustained in two different configurations, (i) diffuse filament discharge between two spherical electrodes, and (ii) surface discharge over plane quartz surface. In the diffuse filament discharge, the data set is taken at P = 200 torr and discharge pulse energy of 17 mJ/ pulse, for time delays after the onset of the discharge current ranging from 20 ns to 3 µs. The results are compared with the predictions of a 2D kinetic model. In the surface discharge a data set is taken at P = 100 Torr and discharge pulse energy of 15 mJ, for time delays after the discharge current rise ranging from t = 10 ns to 765 ns. Electron densities are put on an absolute scale using pure rotational Raman spectra in nitrogen, taken without the plasma, for calibration.
In the diffuse filament discharge, electron density and electron temperature increase rapidly after breakdown, peaking at n e ≈ 3.5 · 10 15 cm −3 (at t ≈ 100 ns after the discharge current onset) and T e ≈ 4.0 eV (at t ≈ 20 ns). After the primary discharge pulse, both electron density and electron temperature decrease (to n e ~ 10 14 cm −3 over ~1 µs and to T e ~ 0.5 eV over~ 200 ns), with a brief transient rise produced by the secondary discharge pulse. At the present high-pressure conditions, the dominant recombination mechanism is dissociative recombination of electrons with molecular ions, He 2 + . In the afterglow, the electron temperature does not relax to the gas temperature (T ~ 0.03 eV), due to energy transfer from metastable He atoms and excimers to electrons in superelastic collisions. Electron energy distribution functions (EEDFs) inferred from the Thomson scattering spectra are nearly Maxwellian, which is expected at these high ionization fractions (n e /N ~ 5 · 10 −4 ), when the shape of EEDF is controlled primarily by electronelectron collisions. The kinetic model predictions agree well with the temporal trends detected in the experiment (such as rise of electron density and electron temperature during the discharge pulse and their decay in the afterglow). Peak electron temperature and electron density during the primary pulse are noticeably overpredicted, up to a factor of two, mainly due to the strong sensitivity of model predictions to breakdown voltage, which strongly affects the ionization rate coefficient. Heavy species temperature predicted during the discharge and early afterglow remains low and does not exceed T = 400 K, due to relatively slow quenching of metastable He * atoms in two-body and three-body processes.
In the surface discharge, peak electron number density is n e ≈ 3 · 10 14 cm 3 , reached at t ≈ 85 ns, i.e. 260 ns after the start of surface ionization wave propagation, and peak electron temper ature is T e ≈ 4.25 eV is measured at t = 10 ns, i.e. 195 ns after the start of ionization wave. It is likely that higher electron temperatures are reached earlier during the discharge pulse, during surface ionization wave propagation, but this could not be determined since the sensitivity of the present diagnostics is too low to measure electron density in the plasma at this stage (estimated to be below n e ≈ 10 13 cm
−3
). After peaking during the primary current pulse, the electron density is observed to decay relatively slowly, due to dissociative recombination. Electron temperature decreases rapidly over ~150 ns after the primary current pulse rise, to T e ≈ 0.5 eV, followed by a much more gradual electron cooling between the primary and the secondary discharge pulses, due to superelastic collisions providing moderate electron heating in the afterglow. 
